Abstract-This study develops a compact 28 GHz bandpass filter on a low-temperature co-fired ceramic substrate for applications in LMDS (Local Multipoint Distribution Service) bands. The filter comprises two pairs of verticallystacked cross-coupled open loops with vertical interconnection structures, achieving compactness, high integration, and superior frequency selectivity. Attaining selective response with two transmission zeros requires adjusting the couplings of adjacent resonators and external quality factor. The open loops are fed by using the three-via vertical interconnections to prevent any electrical effect on the filter. Measurements correlate closely with the simulation results: this study achieved a bandwidth of 2.1 GHz (27.6-29.7 GHz) with two zeros located at 25.8 GHz and 31.1 GHz, and a compact size of 2.69 × 2.66 × 0.4 mm 3 .
INTRODUCTION

LMDS (Local Multipoint
GHz to send voice, video, and data at 1 Gbps or more [1] [2] [3] . Ka-band bandpass filters are necessary for LMDS communication systems. Due to their extremely short wavelengths, Ka-band signals require accurate circuit dimensions to achieve high electrical performance, raising the difficulty in filter design and fabrication. The recent implementation of a 3D-structure filter has become popular for its compactness and high integration, which requires filters to be embedded, stacked, and folded with a multilayer configuration.
However, connecting the cross-layer resonators without hindering their performance is difficult, especially at high frequencies. Superior circuit structure and fabrication process are still challenging for Ka-band filter design.
Cross-coupled filters are favored for their planar, light weight, and ease of manufacture in low frequency bands, which enhances their practicality. The cross-coupled structure typically comprises four resonators to establish two signal propagation paths. When the cross coupling path is out of phase with the main path coupling, a pair of transmission zeros can be created at the skirt of the passband to improve frequency selectivity. Numerous studies have emphasized the improvement of cross-coupled filters [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 17] and direct-coupled filters [16, 18] . In one investigation [4] , the hightemperature superconductor films were used to design fourth-order open-loop filters with low insertion loss. Two pairs of transmission zeros were created via skew-symmetric feeding of the filter. Tang [5] utilized a hybrid structure of microstrips associated with lumped elements in low-temperature co-fired ceramic (LTCC) fabrication, and coupled the input and output ports, increasing a pair of zeros. However, more metal layers are required for this design. Lin et al. proposed a design method for inducing self coupling in resonators of cross-coupled filters [6] . The asynchronously tuned resonators have different resonant frequencies performing a single zero at the single side of a passband. However, the coupling coefficient is difficult to extract. One study [7] presented a three cross-coupled structure and frequency transformation from a lowpass response to a triple-band bandpass response, synthesizing triple-band filters with a pair of zeros for each band.
Another investigation [8] developed a novel λ/4 steppedimpedance resonator with several grounded strips in a low-impedance section to design cross-coupled filters, achieving high circuit fabrication tolerance. A cross-coupled dual-band filter with four equal length split-ring resonators was designed in [9] for size reduction. In [10] , the stepped-impedance open-loop resonator on CMOS fabrication was adopted to realize filters; the center frequency can rise up to 58-66.5 GHz, though with a large insertion loss of 5.9 dB. Most of the aforementioned approaches are presented in low-frequency bands, and less are in Ka-bands due to the difficulty of achieving high frequency. The large size of cross-coupled resonator filters is also a major disadvantage. Thus, the design of a low insertion loss, small size, high selectivity, and easy fabrication cross-coupled filter realized at a millimeter wave frequency is an ongoing challenge.
In recent years, LTCC has become an attractive fabrication process particularly effective for use in high-frequency circuits. This work presents a feasible design of vertically-stacked cross-coupled filters for LMDS band applications. Two pairs of open-loop resonators are embedded and vertically stacked using LTCC multilayer structure to reduce size significantly. The total size of this experimental filter is only 2.69 × 2.66 × 0.4 mm 3 . Embedded multilayer filter configuration also provides another dimension in the flexible design and integration of other microwave circuits, which is often needed in System-in-Package (SiP) approach. For operation at LMDS band, two superior vertical interconnection structures are developed to draw out the embedded I/O feed lines for connection, ensuring excellent signal transmission at high frequency of up to 37 GHz. An experimental LTCC filter was fabricated for demonstration. Measured results show a bandwidth of 7.4% and a low insertion loss of 3.2 dB, with a pair of transmission zeros at the band edges. The proposed cross coupled filter can be produced with more consistently stable performance, of which the required fabrication accuracy (≥ 0.1 mm) is very easy to achieve using the general LTCC fabrication process.
COUPLING COEFFICIENT AND EXTERNAL QUALITY FACTOR
For compactness, the half-wavelength open-loop microstrips with λ g /2 = 2(X +Y −2W )−g are adopted as resonators, as shown in Fig. 1 , where λ g is the guided wavelength. Fig. 2(a) plots the conventional fourth-order bandpass filter with four coplanar λ g /2 open loops. This cross-coupled structure establishes two coupling paths, 1-2-3-4 and 1-4, creating a pair of transmission zeros located at the two edges of the passband, improving frequency selectivity significantly. This type of filter is also called a selective-response filter. For further size reduction, the single-layered structure can be modified into a multilayer structure, as shown in Fig coupling between resonators, while the signal via can pass through a circular aperture. A novel three-via vertical interconnection structure is also developed for feeding signals into and out of the filter.
Because the length of the resonator (λ g /2) is extremely short at such a high Ka-band (typically < 2 mm), a ratio of line width/loop length = 1/5 is required for folding the shape of resonators adequately to be a square open loop. The area enclosed by the loop also requires careful design. Fig. 3 is an inadequate example of having excessive line width and a small enclosed area of loops, which renders its shape more akin to parallel-coupled lines with connected ends, resulting in deviated resonant characteristics. A narrower line width is preferred for folding microstrip lines to form a loop with ease. The line width is generally limited by the circuit accuracy and thickness of ceramic layers, specified according to LTCC design rules. A higher dielectric constant of LTCC is superior because the line width is inversely proportional to the dielectric constant for fixed impedance. If a dielectric constant ε r = 7.5, loss tangent = 0.005, and a substrate thickness of 0.1 mm are adopted, the dimensions of the λ g /2 open loop are X = 0.62 mm, Y = 0.62 mm, W = 0.1 mm, and g = 0.1 mm. Figure 4 shows the equivalent circuit of the proposed crosscoupled bandpass filter, where ω o = (L i C i ) −1/2 is the resonant angular frequency. The coefficients K ij specify the coupling between adjacent resonators i and j of the filter. Q ei and Q eo are the external quality factors that specify the input and output couplings, respectively. K ij and Q e can be determined from the associated low-pass prototype filter. When choosing a selective-response with Figure 4 . Equivalent circuit of the cross-coupled bandpass filter. a fourth-order, fractional bandwidth of 8%, return loss of 20 dB, and a normalized frequency of transmission zeros Ω a = 2.2, the element values g i of a low-pass prototype filter and the admittance inverter J i can be calculated from (1)- (4) [14] , obtained as g 0 = 1, g 1 = 0.95063, g 2 = 1.35908, J 1 = −0.12992, and J 2 = 1.02499.
Substituting g i and J i into (5)- (8) Fig. 8 shows the external quality factor Q e versus the feeding position t with taped input.
Notably, an appropriate arrangement of resonator positions can avoid re-extraction of coupling coefficients when filter specifications are changed. Fig. 9(a) shows an inadequate arrangement of resonators, in which the resonators 1 and 4 are placed on top layer and resonators 2 and 3 are located on bottom layer with a common ground plane in between. K 14 and K 23 respectively use gaps S 14 and S 23 to control Figure 8 . The external quality factor Q e versus the feeding position t with taped input. 
LTCC VERTICAL INTERCONNECTION STRUCTURE
Feeding a Ka-band cross-layer signal into and out of embedded resonators without disturbing their performance is difficult. Vertical interconnection is essential for providing superior frequency response, ensuring good signal transmission between cross-layer connections. Signal vias are often used in interconnection structures, though vias can potentially cause serious parasitic inductance behaving similarly to low-pass filters and attenuating high-frequency components [19] [20] [21] [22] [23] [24] . A sound vertical interconnection structure should have a lower insertion loss and a higher return loss within the operation band. This study constructs a vertical three-via (ground-signal-ground) interconnection demonstrating an excellent S-parameter performance of up to 37 GHz. Figure 10 (a) shows the three dimensions of an LTCC vertical interconnection configuration for the input RF-probing pad and Resonator 1, allowing ease of on-chip measurement. The 250 µm pitch is designed for RF probing. Fig. 10(a) shows that three vias (one signal via and two ground vias) and three metal layers are used in the design, in which the input port and Resonator 1 are situated on the different layers above the ground plane. The two ground pads are connected further to form a guard ring for equalizing the ground potential and providing excellent RF shielding at high frequencies. The diameter of vias is d = 0.1 mm, and ground vias are placed at both sides of the signal via with a spacing of w = 0.36 mm The proposed vertical interconnection structure smoothes the field transformation of the LTCC cross-layer connection providing good circuit performance at high frequencies. Fig. 10 
ILLUSTRATED EXAMPLE OF THE LTCC 28 GHZ BANDPASS FILTER
A vertically-stacked cross-coupled bandpass filter operating at 28 GHz was synthesized on an LTCC substrate to validate the design approach. Specifications of this filter are chosen as a selective response, N = 4, F BW = 8%, a return loss of 20 dB, and Ω a = 2.2. The associated coupling coefficients and external quality factors have been calculated, as seen in Section 2. The LTCC material system with a relative permittivity of 7.5 and a loss tangent of 0.005 was utilized. The design comprises four ceramic layers and four metals with silver conductor metalization and via metal. Each ceramic layer has a thin thickness of 0.1 mm reducing the parasitic via inductance as much as possible and narrowing the line width to fold the shape of square loops adequately The full-wave electromagnetic simulator Ansoft HFSS was used for the simulation.
The required coupling coefficients and external quality factors can be achieved according to the design curves from Figs. 5-8. The aperture size for the electric coupling K 14 is 0.36 × 0.3 mm 2 (Y 1 = 0.36 mm) and the magnetic coupling K 23 is 0.27 × 0.25 mm 2 (Y 2 = 0.27 mm). The gap for mixed couplings K 12 and K 34 require that S = 0.12 mm, and for Q e necessitates that t = 0.35 mm. Upon optimization, Y 1 , Y 2 , S, and t are adjusted slightly to 0.45 mm, 0.25 mm, 0.08 mm, and 0.44 mm, respectively, for optimal filter performance. Table 1 lists the physical dimensions. Fig. 12 displays the photos of the experimental vertically-stacked cross-coupled filter, in which the photo of each layer is contrasted with a 3D configuration of the filter. Figure 13 . The simulated and measured S-parameter responses of the experimental LTCC 28 GHz bandpass filter.
The prototype S parameters were measured using RF probes and an Agilent E8364C network analyzer with SOLT calibration. Fig. 13 shows the simulated and measured S-parameter responses, and both results are in sound agreement. The measurements results reveal that the central frequency shifted to 28.5 GHz slightly with a bandwidth of 7.4% (27.6-29.7 GHz). The insertion loss is lower than 3.2 dB and the return loss is greater than 10 dB. As this figure shows, two transmission zeros are located at 25.8 and 31.1 GHz, resulting in excellent frequency selectivity. The size of this filter is approximately 2.69×2.66×0.4 mm 3 , including I/O pads, which is extremely compact, owing to its verticallystacked structure.
CONCLUSION
This study designed an LTCC 28 GHz cross-coupled bandpass filter for LMDS applications. Such a high-frequency filter is a challenge requiring extreme fabrication accuracy. The proposed filter structure comprises two pairs of vertically-stacked half-wavelength open loops on an LTCC substrate to reduce the size significantly. Two coupling paths are formed to create a pair of transmission zeros at the band edges, to raise frequency selectivity. Filter response is synthesized by adjusting the coupling coefficients of the adjacent resonators and external quality factors. This study also developed two novel vertical interconnection structures for cross-layer connections. The design concept was demonstrated by fabricating an experimental 28 GHz bandpass filter that yielded a bandwidth of 7.4% and a low insertion loss of 3.2 dB.
